Abstract. Gap junction channels formed by connexin 50 (Cx50) are critical for maintenance of lens transparency. Because the C-terminus of Cx50 can be cleaved post-translationally, we hypothesized that channels formed by the truncated Cx50 exhibit altered properties or regulation. We used the dual whole-cell patch-clamp technique to investigate the macroscopic and single-channel properties of gap junctional channels formed by wild-type human Cx50 and a truncation mutant (Cx50A294stop) after transfection of N2A cells. Our results show that wildtype Cx50 formed functional gap junctional channels. The macroscopic G jss -V j relationship was well described by a Boltzmann equation with A of 0.10, V 0 of 43.8 mV and G jmin of 0.23. The single-channel conductance was 212 5 pS. Multiple long-lasting substates were observed with conductances ranging between 31 and 80 pS. Wild-type Cx50 gap junctional channels were reversibly blocked when pH i was reduced to 6.3. Truncating the C-terminus at amino acid 294 caused a loss of pH i sensitivity, but there were no signi®cant changes in single-channel current amplitude or G jss -V j relationship. These results suggest that the C-terminus of human Cx50 is involved in pH i sensitivity, but has little in¯uence over singlechannel conductance, voltage dependence, or gating kinetics.
Introduction
Gap junctional channels are low-resistance intercellular pathways between adjacent cells for the exchange of ions, metabolites, second messengers and other molecules with molecular weight up to 1 kDa (Bruzzone, White & Paul, 1996) . They are made of two connexons, or hemichannels, each contributed by two adjoining cells. Connexons are composed of six subunits called connexins (Cx) . The connexins belong to a multigene family composed of at least 15 human members (Beyer & Willecke, 2000) .
The lens is an avascular organ that is highly dependent on intercellular communication for volume regulation and metabolic homeostasis. Three connexins have been identi®ed in the mammalian lens: Cx43, Cx46 and Cx50 (Beyer, Paul & Goodenough, 1987; Paul et al., 1991; White et al., 1992) . Cx43 is expressed primarily in epithelial cells; Cx46 and Cx50 are expressed in ®ber cells. Previous studies have shown that disruption of either Cx46 or Cx50 leads to cataract formation (Gong et al., 1997; White et al., 1998) . Furthermore, certain types of congenital cataracts in humans and mice are associated with mutations in the genes for these connexins Berry et al., 1999; Shiels et al., 1998; Steele et al., 1998) . However, the speci®c roles of these two connexins in the lens are still not completely understood.
Two dierent size forms of Cx50 have been detected in gap junction-enriched membrane preparations from ovine lens (Kistler & Bullivant, 1987) . A 70-kDa isoform corresponds to the full-length protein and has been detected in ®ber cell membranes from the cortex of the lens. A lower-M r form (38 kDa) has been detected in isolated membranes from the lens core region. This Cx50 isoform lacks much of the carboxyl tail and is thought to be generated from the long form by posttranslational proteolytic cleavage by a calpain (Lin et al., 1997) .
The carboxyl tail of Cx50 may play an important role in the regulation of gap junctional channel function in the vertebrate lens. It has been previously shown that removal of most of the carboxyl tail of ovine Cx50 causes loss of pH sensitivity when studied in Xenopus oocyte pairs (Lin et al., 1998) . Several studies have implicated the carboxyl tail of connexins in the regulation of gap junctional function. Expression studies of a number of connexins in paired Xenopus oocytes have suggested a role of their carboxyl tails in channel gating in response to cytoplasmic acidi®cation (Ek-Vitorin et al., 1996; . Analysis of SKHep-1 cells stably transfected with truncated Cx43 constructs has suggested that single-channel conductance is in¯uenced by the carboxyl tail (Fishman et al., 1991) .
In the present study, we used a dual whole-cell patch-clamp technique to examine the macroscopic and single-channel properties of gap junctional channels formed by wild-type human Cx50 or truncated variants in transfected N2A neuroblastoma cells.
Materials and Methods

PREPARATION OF WILD-TYPE CX50 AND C-TERMINUS-TRUNCATED CX50 VARIANTS
Wild-type human Cx50 (Shiels et al., 1998; Pal et al., 1999) was subcloned into the EcoRI site of the eukaryotic expression vector pSFFV-neo (Fuhlbrigge et al., 1988) . Carboxyl terminal deletion mutants of Cx50 were obtained by PCR using a sense primer, 5¢-ggaattcaccatgggcgactgg-3¢, and two antisense primers, 5¢-ccggaattctcactcggtcaagggg-3¢ and 5¢-ccggaattctcaaggcagtgggctgg-3¢ to generate Cx50 polypeptides that ended at valine-284 (Cx50V284stop) and alanine-294 (Cx50A294stop), respectively (Fig. 1A ). An EcoRI site was introduced at the 5¢-end of both sense and antisense primers. The PCR products were puri®ed, digested with EcoRI and subcloned into pSP64TII or pSFFV-neo. The constructs were sequenced (DNA sequencing facility, Iowa State University, Ames, IA) to con®rm that the designed truncation sites had been incorporated and to ensure that no random mutations were introduced in the sequence.
IN VITRO TRANSLATION IN RABBIT RETICULOCYTE LYSATE
RNAs for human Cx50 wild type, Cx50V284stop and Cx50A294-stop were prepared from pSP64TII templates as previously described . In vitro transcribed cRNAs were in vitro translated in a cell-free rabbit reticulocyte lysate system (Life Technologies, Rockville, MD) containing 35 S-methionine, according to the manufacturer's protocol. Translated proteins were resolved by SDS-PAGE. The gel was dried, and the translated proteins were detected by autoradiography.
CELL CULTURE
N2A mouse neuroblastoma cells were grown in DMEM (Life Technologies) containing 10% fetal bovine serum, 2 mM L-Glutamine, 100 units/ml penicillin G and 100 lg/ml streptomycin sulfate in a humidi®ed atmosphere of 5% CO 2 at 37°C.
For stable transfections, 2 lg of linearized pSFFV-neo plasmid DNA containing wild-type Cx50 was transfected into communication-de®cient N2A cells using Lipofectin (Life Technologies, Rockville, MD) (Veenstra et al., 1992) . Connexin-transfected clones were selected for their resistance to 0.25 mg/ml active G418.
For transient transfections, N2A cultures (50±90% con¯uent) grown in 35-mm dishes were cotransfected with 1±3 lg of cDNA for green¯uorescent protein (GFP) and 4.5±6 lg of pSFFV-neo DNA containing wild-type Cx50, Cx50V284stop, or Cx50A294stop using Lipofectamine (Life Technologies). N2A cells were incubated for the subsequent 10±11 hr in OptiMEM (Life Technologies); then, the medium was replaced with regular growth medium containing 10% fetal bovine serum. Cells were incubated for an additional 12±18 h, and then split onto polylysine-treated coverslips for electrophysiological experiments (which were performed after 12± 48 h). Cell pairs expressing introduced connexins were identi®ed by expression of GFP and emission of green light when viewed under UV illumination.
IMMUNOCHEMICAL ANALYSIS
A bacterial fusion protein containing amino acids 231±433 of human Cx50 linked to glutathione-S-transferase (GST-Cx50) was constructed in pGEX-3X (Amersham Pharmacia Biotech, Piscataway, NJ) as described previously (Berthoud et al., 1997) . The fusion protein was puri®ed by anity chromatography on glutathione-agarose and used to immunize rabbits. Sera were depleted of anti-GST antibodies by passing through a GST column, and then anity-puri®ed by chromatography using GST-Cx50 coupled to a Sulfo-Link column (Pierce, Rockford, IL) as done previously (Berthoud, Cook & Beyer, 1994) .
Immunoblots were performed using homogenates of human lenses or of cultured cells. Frozen human lenses were obtained from the Lions Eye Bank of Oregon. Lens homogenates were prepared in PBS containing 4 mm EDTA and 2 mM PMSF using a glass-glass Dounce homogenizer, sonicated, aliquoted, and frozen. Cell cultures were rinsed with PBS, harvested by scraping in Laemmli sample buer (Laemmli, 1970) , and stored at 4°C. Electrophoresis and immunoblotting were performed as previously described (Berthoud et al., 1994) .
For immuno¯uorescence studies, N2A cells seeded on multiwell slides (LAB TEK, Nalge Nunc International, Naperville, IL) were ®xed with 50% methanol-50% acetone for 2 min at room temperature, and incubated sequentially in primary (rabbit polyclonal anti-Cx50) and secondary (Cy3-conjugated goat anti-rabbit IgG) antibodies according to Berthoud et al. (2000) . The preparations were observed using a Zeiss Axioplan 2 microscope equipped for epi¯uorescence.
ELECTROPHYSIOLOGICAL MEASUREMENTS AND ANALYSIS
The dual whole-cell patch-clamp technique was applied on N2A cell pairs using an Axopatch 200A ampli®er (Axon Instruments, Foster City, CA) and an L/M-EPC7 ampli®er (List-electronic, Germany). All experiments were performed at room temperature (22±24°C). Patch pipettes were pulled from glass capillaries with 1.5 OD/1.0 ID (World Precision Instruments, Sarasota, FL), using a Brown-Flaming micropipette puller (Sutter Instruments, San Francisco, CA). The tips of micropipettes were ®re-polished. The resistance of the micropipettes was 2±6 MW when the pipettes were ®lled with a pipette solution containing (in MM): 130 CsCl, 10 EGTA, 0.5 CaCl 2 , 3 MgATP, 2 Na 2 ATP, 10 HEPES, pH 7.2. The extracellular solution contained (in mm): 140 NaCl, 2 CsCl, 2 CaCl 2 , 1 MgCl 2 , 5 HEPES, 4 KCl, 5 dextrose, 2 pyruvate, 1 BaCl 2 , pH 7.2 (Srinivas et al., 1999) . Measurements of gap junctional current on N2A transfectants were carried out using these solutions unless otherwise speci®ed.
For measurement of gap junctional conductance, both cells of a pair were initially voltage-clamped at 0 mV and a 5±10-mV pulse was applied to one cell. Under these conditions, current changes recorded in the second cell would be equal in magnitude and opposite in polarity to the current¯owing through the gap junction and could be divided by DV to calculate junctional conductance, g j .
For evaluation of transjunctional voltage dependence of gap junctional channels, both cells were initially held at 0 mV holding potential, and 4-sec or 8-sec voltage-clamp steps between 110 mV in 10-mV increments were applied to one cell, while the gap junctional current was recorded from the other cell. Normalized steady-state conductance (G jss ) was calculated by dividing the steady-state current by the instantaneous current at each voltage, and normalized to the interpolated G jss value at 0 mV. The relationship between G jss and the transjunctional voltage (V j ) was ®t to a two-state Boltzmann equation of the form (Spray, Harris & Bennett, 1981) :
where G jmin is the minimal conductance, G jmax is the maximal conductance, A (A = zq/kT) is a constant that expresses the voltage sensitivity in terms of gating charge as the equivalent number (z) of electron charges (q) moving through the entire membrane ®eld, k is the gas constant, T is the absolute temperature, and V 0 is the voltage at which the decrease in G jss is midway between G jmax and G jmin . Analysis of voltage dependence was performed on gap junctional current recordings from cell pairs with g j of 2±5 nS. For single-channel recording, maintained voltage clamps were applied to one cell, and the gap junctional current was recorded from the other cell. Currents passing through gap junctional channels could be distinguished from nonjunctional currents because the former was of equal amplitude but opposite polarity. The number of active gap junctional channels in the cell pair was determined by counting the number of overlapping channel openings at the beginning of the pulse. Data were acquired using a Pentium computer equipped with either a TL-1 labmaster board and Pclamp6 software (Axon Instruments), or a Digidata 1320A and Pclamp8 software (Axon Instruments). The current signals were digitized at 5 kHz and ®ltered at 1 kHz. In single-channel analysis, the current amplitude of a gap junctional channel for an open state was calculated as the current dierence between the open and closed state, which was measured either directly from current traces, in the case of a series of voltage clamp steps, or from all-points amplitude histograms, in the case of maintained transjunctional voltage gradients. Single-channel data are presented in the text as mean SE. The single-channel open probability of the main open state at dierent V j s was determined from the all-points amplitude histograms.
CYTOPLASMIC ACIDIFICATION
The intracellular pH of N2A cells was manipulated using thè`N H 3 /NH 4 + '' exchange method by changing the external concentration of (NH 4 ) 2 SO 4 while maintaining the intracellular concentration of (NH 4 ) 2 SO 4 constant. The intracellular pH could be predicted using the formula: (Grinstein, Romanek & Rotstein, 1994; Hermans et al., 1995) . The pipette solution contained (in mM): 100 Kgluconate, 8 KOH, 25 (NH 4 ) 2 SO 4 , 1 MgCl 2 , 0.5 EGTA, 5 PIPES, 5 Na 2 ATP, pH 7.0. The external solution contained (in mM): 100 HEPES, 1 CaCl 2 , 1 MgCl 2 52.5±74.25 Kgluconate, 7.5 to 0.5 (NH 4 ) 2 SO 4 , pH 7.5. Measurements of gap junctional conductance between cell pairs were initially performed in the presence of 7.5 mM extracellular (NH 4 ) 2 SO 4 , which gave a predicted cytoplasmic pH of 7.0. Only those cell pairs that had junctional conductance higher than 1 nS were used in this study. The cytoplasmic pH was successively changed by perfusing the cells with extracellular solutions containing various concentrations of (NH 4 ) 2 SO 4 . Complete solution change (~10 bath volumes) was achieved within~5 minutes. Gap junctional conductance was monitored by applying repetitive, short 5-mV transjunctional steps. The gap junctional conductance was observed to rapidly stabilize at a new steadystate value following each solution change.
Results
EXPRESSION OF WILD-TYPE AND TRUNCATED HUMAN CX50 IN N2A CELLS
Two stably transfected N2A cell clones expressing wild-type Cx50 (N2A-Cx50#8 and #18) were characterized. Both clones showed signi®cant levels of gap junctional coupling (Table 1) . Expression of Cx50 was veri®ed by RNA blotting (data not shown), immunoblotting, and immuno¯uorescence (Fig. 2) . A band with an M r of 60 kDa was recognized by antiCx50 antibodies. This band co-migrated with Cx50 in a human lens homogenate. No immunoreactive bands were detected in untransfected N2A cells (Fig.  2 A) . By immuno¯uorescence, immunoreactive Cx50 was observed at the appositional plasma membrane as well as intracellularly, suggesting that some Cx50 protein reached the cell surface and formed gap junctional plaques (Fig. 2B) .
Two C-terminal truncated variants of human Cx50, Cx50V284stop and Cx50A294stop, were constructed at positions homologous to the calpain cleavage sites described for ovine Cx50 (Lin et al., 1997) (Fig. 1) . To test that the full-length and truncated forms of Cx50 encoded proteins of the appropriate size, their RNAs were translated in vitro, and the translation products were analyzed by SDS-PAGE. In vitro translated Cx50 wild type, Cx50V284stop, and Cx50A294stop had M r of 60, 31, and 37 kDa, respectively (Fig. 1B) , consistent with the termination codons introduced.
The electrophysiological properties of gap junctional channels made of the truncated variants Cx50V284stop and Cx50A294stop were studied in transiently transfected N2A cells. As a positive control, N2A cells were transiently transfected with a similar amount of cDNA for wild-type Cx50. Pairs of N2A cells transiently transfected with wild-type Cx50 exhibited high levels of junctional conductance (Table 1) . N2A cell pairs transiently expressing Cx50A294stop were also coupled, but the average conductance between these cells was signi®cantly lower.
In contrast, cell pairs expressing Cx50V284stop showed no signi®cant coupling as compared to untransfected cells. Therefore, no further analysis was performed on Cx50V284stop transfectants. 
MACROSCOPIC PROPERTIES OF WILD-TYPE AND MUTANT HUMAN CX50 GAP JUNCTIONAL CHANNELS
Typical transjunctional currents, instantaneous and steady-state junctional current-transjunctional voltage (I j -V j ) relationships and steady-state junctional conductance-transjunctional voltage (G j1 -V j ) relationships for wild-type Cx50 and Cx50A294stop are presented in Fig. 3 . Junctional currents of wild-type Cx50 inactivated to a new steady-state level in a timeand voltage-dependent manner when the absolute value of the transjunctional voltage exceeded 30 mV. The gating properties of the currents were nearly symmetrical for positive and negative potentials. Fig.  3B shows the I-V relationship of the instantaneous and steady-state gap junctional current recorded in Fig. 3A . The instantaneous current (®lled circles) was a linear function of V j , while the steady-state current (open circles) recti®ed at |V j | ³ 40 mV. Fig. 3C shows the mean normalized steady-state conductance (G jss ) as a function of V j . G jss was maximal between )30 mV and 30 mV and decreased dramatically at higher voltages to a residual conductance, G jmin . The solid line represents the best nonlinear ®t of the experimental data to the Boltzmann equation with G jmin = 0.23, G jmax = 0.99, A = +/)0.10 (z = 2.6), and V 0 = +/)43.8 mV (n = 10). A similar paradigm was applied to cell pairs expressing Cx50A294stop. A family of junctional currents obtained when transjunctional voltages of 10 to 110 mV were applied is shown in Fig. 3D . The voltage dependence of instantaneous and steady-state junctional currents was similar to that of wild-type Cx50 (Fig. 3E and F) . The Boltzmann parameters of the macroscopic G jss -V j relationship for Cx50A294stop gap junctional channels were not signi®cantly dierent from those of wild-type Cx50 (G jmin = 0.25, G jmax = 0.98, A = +/)0.10 (z = 2.6), and V 0 = +/)39.3 mV (n = 5)).
The inactivation kinetics of gap junction currents in N2A cell pairs expressing wild-type Cx50 or Cx50A294stop were analyzed. The time course of decay of wild-type Cx50 gap junctional currents followed a single exponential and was symmetrical for positive and negative V j s (Fig. 4A) . The time constant of inactivation (s i ) decreased with increasing transjunctional voltage of either polarity (Fig. 4B, ®lled  circles) . At |V j | £ 40 mV, the decay of the junctional current was too slow to be accurately measured using this pulse protocol. The voltage dependence of the inactivation time constants for Cx50A294stop gap junction channels was similar to that of wild-type Cx50, becoming faster for larger transjunctional voltages (Fig. 4B, open circles) .
SINGLE-CHANNEL PROPERTIES
The potential eect of the carboxyl tail on single channel conductance was studied in N2A cells expressing wild-type Cx50 or Cx50A294stop. Fig. 5A shows representative single-channel recordings during maintained transjunctional voltage steps from an N2A-cell pair expressing wild-type human Cx50; this pair contained one active channel. All-points amplitude histograms were used to determine the current amplitude of the main open state at dierent voltages. The resulting single-channel I-V relationship is shown in Fig. 5B . The I-V relationship was linear with a c j of 207 pS (r = 0.99). The mean c j determined from 10 cell pairs containing one or two active channels was 212 5 pS with the individual conductance value ranging between 185 and 236 pS.
Single-channel recordings were also obtained from N2A cells transfected with Cx50A294stop. Gap junctional currents recorded from a cell pair containing one functional Cx50A294stop channel in response to a series of transjunctional voltage steps are shown in Fig. 5C . The single-channel I-V relationship for the main open state (Fig. 5D ) was linear with a slope conductance, c j , of 205 pS (r = 0.99). Analysis of 16 cell pairs containing one or two gap junctional channels yielded a mean single-channel conductance of 185 10 pS with individual conductance values ranging between 132 and 254 pS. This value was not signi®cantly dierent from that of wild-type Cx50 (p = 0.07 by Student's t-test).
SUBSTATES AND TRANSITIONS OF WILD-TYPE CX50 AND OF CX50A294STOP
Human Cx50 wild-type gap junctional channels were frequently observed to gate between the main open state and one or more long lasting substates. Fig. 6A shows an example of a gap junctional channel of wild-type Cx50 that had two stable substates. The single-channel I-V relationships for these two substates are shown in Fig. 6B . The single-channel conductances of these two substates were 31 and 60 pS. In 5 cell pairs containing a single active channel, multiple substates were observed with conductances ranging from 31 to 80 pS. The most commonly observed substate had a conductance of~31 pS ( Figure  6B) .
As in the case of wild-type Cx50 channels, Cx50A294stop gap junctional channels exhibited multiple prolonged subconductance states; the substates had single-channel conductance values ranging between 19 and 85 pS (Fig. 6 C, D) . Substates of both wild-type Cx50 and Cx50A294stop persisted during large, maintained transjunctional voltage steps and could account for the nonzero value of G jmin observed macroscopically.
Transitions between the main open state and substates for wild-type Cx50 gap junction channels were usually fast (<2 msec). In contrast, gating between the main open state and the closed state involved both fast and slow transitions (Fig. 7A) . In the experiment shown, transjunctional voltage was clamped at +100 mV. At the beginning of the current trace, the channel resided in a substate. Cx50A294stop gap junctional channels also gated from the main open state to substates and to fully closed states, but the frequency of transitions to the fully closed state was greater. These channel closings often preceded a transition to the main open state. Both fast (<2 msec) and slow transitions were observed (Fig. 7B) .
DEPENDENCE OF OPEN-PROBABILITY ON TRANSJUNCTIONAL VOLTAGE
The amount of time that wild-type human Cx50 or Cx50A294stop gap junctional channels spent in the main open state was strongly dependent on transjunctional voltage. Fig. 8A shows representative steady-state current traces of a wild-type Cx50 gap junctional channel and the corresponding all-points amplitude histograms at three dierent transjunctional voltages. The Cx50 wild-type gap junctional channel was open nearly all of the time at V j = )20 mV, and the probability that the channel resided in the main open state (P o ) was close to 1. P o decreased dramatically with increasing |V j |. For |V j | ³ 80 mV, P o @ 0. In Fig. 8B , P o was plotted as a function of V j . The P o -V j relationship of Cx50 wild-type could be described by a Boltzmann distribution with P o (¥) = 0.04, P o (0 mV) = 1.00, A = )0.15, and V 0 = )45.2 mV (n = 4), shown as the solid line. The values for A and V 0 were similar to those determined for the macroscopic G jss -V j relationship. The P 0 -V j relationship of Cx50A294stop gap junctional channels (Fig. 8B, open circles) was nearly identical to that of wild-type Cx50 channels. EFFECT OF CYTOPLASMIC ACIDIFICATION ON WILD-TYPE CX50 AND CX50A294STOP CHANNELS The possible role of the carboxyl tail on gating of gap junction channels by intracellular acidi®cation was examined using the``NH 3 /NH 4 + '' pH-clamp method (Grinstein et al., 1994; Hermans et al., 1995) . Cell pairs transfected with wild-type Cx50 exhibited a dramatic reduction in gap junctional coupling when the cytoplasmic pH was reduced below 6.7 (Fig. 9) . At pH i 6.3, all the gap junctional channels were blocked. The reduction in gap junctional coupling was fully reversible when the cytoplasmic pH was returned to 7.0. In contrast, the mean gap junctional conductance in cell pairs transfected with Cx50A294stop was reduced by a factor of only 0.3 when pH i was reduced to 6.3 (Fig. 9) . A further reduction in pH i to 5.8 failed to block the majority of the channels.
Discussion
The data presented in this manuscript show that wildtype human Cx50 protein is produced in transfected N2A cells. The expressed protein had an electrophoretic mobility indistinguishable from that of Cx50 protein present in a human lens homogenate. This ®nding suggests that modi®cation of the Cx50 protein, if any, may be similar in the transfected cells to that occurring in the lens. The immuno¯uores-cence data showed that expressed Cx50 targeted appropriately (but not exclusively) to appositional membranes. Furthermore, the electrophysiology experiments demonstrated the ability of expressed Cx50 to form functional gap junctional channels.
Similar to other connexins, wild-type human Cx50 gap junction channels exhibited V j -dependent gating. The V 0 determined for human Cx50 in N2A cells (43.8 mV) was somewhat greater than that determined previously from oocyte expression ()32 mV for negative polarities and 34.8 mV for positive polarities) (Pal et al., 1999) . This dierence is likely related to the dierences in expression systems used. However, dierent V j -dependent gating properties also appear to originate from dierences in the amino-acid sequences of Cx50 between species. For example, mouse Cx50 (which contains 87% identical amino acids to human Cx50) has a V 0 of )37 mV for negative polarities and 38 mV for positive polarities when expressed in N2A cells (Srinivas et al., 1999) , suggesting that human Cx50 channels are less V j -dependent than mouse Cx50 channels.
The single-channel conductance determined here for human Cx50 (212 5 pS) was not dierent from the value previously reported for mouse Cx50 (220 13.1 pS) (Srinivas et al., 1999) . Interestingly, this value is very similar to the 210-pS channel detected in mouse lens ®ber cells by Donaldson et al. (1995) . The open-probability for human Cx50 channels was near 1 at low V j s and was greatly decreased with increasing V j , similar to the results reported for mouse Cx50 channels (Srinivas et al., 1999) . In both cases, the voltage-dependence of P o could be ®tted by a Boltzmann equation with parameters similar to those determined for the macroscopic currents. At high V j s the human Cx50 channel resided predominantly in long-lasting substates.
While investigating the single-gap junctional channel properties of de novo or preformed cell pairs of insect cells, Weingart and Bukauskas (1993) observed that the channel never fully closed. Instead it gated between the fully open state and a single, long-lasting, partially open conductance state, which these authors named the``residual'' state (Weingart & Bukauskas, 1993; Bukauskas & Weingart, 1994) . The residual state could be distinguished from conventional substates, because transitions from the residual state to the fully closed state were rare or absent. Furthermore, when such transitions did occur, their duration was long (>2 msec). Mouse Cx30, Cx40 and Cx43 gap junctional channels have also been reported to exhibit a residual conductance state The arrows mark the beginning of V j step. (Bukauskas et al., 1995; Valiunas et al., 1999; Banach & Weingart, 2000) . The behavior of human Cx50 gap junctional channels diers from that described by Weingart et al. (1993) Several studies have shown that lens-®ber connexins in lens homogenates or isolated lens membranes can be cleaved to smaller products by a calcium-dependent protease (Kistler & Bullivant, 1987; Berthoud et al., 1994) . Proteolysis of Cx50 (from MP70 to MP38) has been observed in these preparations and is believed to occur within the lens (Voorter & Kistler, 1989) . Lin et al. (1997) used protein sequencing to identify two calpain cleavage sites within ovine Cx50. The variants of human Cx50 that we constructed represent truncations at the corresponding positions. The shorter construct that we made (Cx50V284stop) did not form functional channels. The other variant, Cx50A294stop, did form functional channels, but the macroscopic junctional conductance was less than that produced in parallel transfections using full-length Cx50. The explanation for this result is unclear, since Stergiopoulos et al. (1999) observed similar junctional conductances between paired Xenopus oocytes expressing mouse constructs of similar lengths.
There are con¯icting data regarding the contribution of the carboxy-terminal tail to the V j -dependent gating of gap junction channels.``Tailless'' mutants of human Cx32 and rat Cx43 show loss of fast V j gating (Revilla, Castro & Barrio, 1999) . Fast V j -dependent gating of Cx43 channels is also lost when enhanced green¯uorescent protein (EGFP) (Bukauskas et al., 2000) or aequorin (Martin et al., 1998 ) is fused to the carboxyl tail of Cx43. However, a similar modi®cation of Cx47 does not aect V jdependent gating (Teubner et al., 2001 ). In the case of human Cx50, the``tailless'' mutant (Cx50A294stop) showed V j -dependent gating and relaxation kinetics that were indistinguishable from those of wild-type Cx50. Our results are consistent with those of Lin 9 . Eect of cytoplasmic acidi®cation on human Cx50 wildtype and Cx50A294stop gap junctional coupling. Gap junctional coupling of cell pairs expressing wild-type (®lled circles) or Cx50A294stop (open circles) was measured while intracellular pH was decreased successively from 7.0 to 6.7, 6.3, 5.8, and then returned to 7.0. Gap junctional conductance was normalized to the initial conductance value at pH 7.0 (n = 8 for wild-type Cx50 and n = 7 for Cx50A294stop). et al. (1998) , who reported that the steady-state voltage-dependent properties of the ovine homologue of Cx50 were not aected by truncation of the Cterminus when expressed in Xenopus oocyte pairs.
Moreover, the similarity of single-channel conductances obtained from N2A cells expressing wildtype Cx50 or Cx50A294stop suggests that the carboxyl tail of human Cx50 is not involved in determining single-channel conductance of the main open state. These results contrast with studies of Cx43, in which truncation of the carboxyl terminus (Fishman et al., 1991) or site-directed mutagenesis (S364A) were associated with changes in singlechannel conductance. Thus, the role of the carboxyl tail in determining V j -dependent gating or singlechannel conductance appears connexin-speci®c.
The carboxyl tail of human Cx50 appears to be involved in regulating pH gating, as Cx50A294stop channels did not close upon acidi®cation to pH values of 6.3 and 5.8. These results are in agreement with those published for a truncated variant of ovine Cx50 (Lin et al., 1998) , but dier from those reported for mouse wild-type Cx50 or its truncated variants (Stergiopoulos et al., 1999) . These dierences might be a consequence of the dierent amino-acid composition of Cx50 in the dierent species.
Previous studies have demonstrated a pH gradient from the cortex to the nucleus in the frog lens with the center of the lens being more acidic. The pH values in the cortex are 7.02±7.2 and 6.3±6.8 in the nucleus (Mathias, Riquelme & Rae, 1991) . This pH gradient may result from metabolic accumulation of increasing amounts of lactate as the depth from the cortex increases. The pH values in the human lens have not been measured. A loss of pH-dependent gating in the center of the lens by truncation of human Cx50 would be favorable if pH values in that region decrease to a value of 6.3 according to our data. Changes in pH to a value of 6.8 would not have a major impact upon gap junctional intercellular communication between ®ber cells, since wild-type human Cx50 channels remain open at that pH. Thus, our data suggest that changes in intracellular pH within the lens can have enormous eects for the survival of ®ber cells and lens homeostasis and transparency, since alterations in gap junctional intercellular communication can lead to the formation of cataracts (White et al., 1998; Gong et al., 1997; Mathias, Rae & Baldo, 1997; Shiels et al., 1998; Pal et al., 1999) . Moreover, because lens ®ber cells also contain Cx46, consequences for lens survival would be in¯uenced by the pH dependence of Cx46 channels and heteromeric Cx50-Cx46 channels.
